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In  this  paper  we  compare  the  behavior  of  non-spherical  and  spherical  (3-Ni(OH)2  as  cathode  materials  for 
Ni-MH  batteries  in  an  attempt  to  explore  the  effect  of  microstructure  and  surface  properties  of  (3-Ni(OH)2 
on  their  electrochemical  performances.  Non-spherical  (3-Ni(OH)2  powders  with  a  high-density  are  syn¬ 
thesized  using  a  simple  polyacrylamide  (PAM)  assisted  two-step  drying  method.  X-ray  diffraction  (XRD), 
infrared  spectroscopy  (IR),  scanning  electron  microscopy  (SEM),  thermogravimetric/differential  thermal 
analysis  (TG-DTA),  Brunauer-Emmett-Teller  (BET)  testing,  laser  particle  size  analysis,  and  tap-density 
testing  are  used  to  characterize  the  physical  properties  of  the  synthesized  products.  Electrochemical 
characterization,  including  cyclic  voltammetry  (CV),  electrochemical  impedance  spectroscopy  (EIS),  and 
a  charge/discharge  test,  is  also  performed.  The  results  show  that  the  non-spherical  (3-Ni(OH)2  mate¬ 
rials  exhibit  an  irregular  tabular  shape  and  a  dense  solid  structure,  which  contains  many  overlapped 
sheet  nano  crystalline  grains,  and  have  a  high  density  of  structural  disorder  and  a  large  specific  surface 
area.  Compared  with  the  spherical  (3-Ni(OH)2,  the  non-spherical  (3-Ni(OH)2  materials  have  an  enhanced 
discharge  capacity,  higher  discharge  potential  plateau  and  superior  cycle  stability.  This  performance 
improvement  can  be  attributable  to  a  higher  proton  diffusion  coefficient  (4.26  x  10-9  cm2  s-1),  better 
reaction  reversibility,  and  lower  electrochemical  impedance  of  the  synthesized  material. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  a  result  of  excellent  electrochemical  properties,  nickel 
hydroxide  (Ni(OH)2)  has  been  intensively  studied  and  widely  used 
as  a  cathode  material  in  all  nickel-based  alkaline  secondary  cells 
[1-5].  Generally,  there  exist  two  nickel  hydroxide  polymorphs:  a- 
phase  Ni(OH)2  and  (3-phase  Ni(OH)2,  which  can  be  transformed 
into  7-phase  NiOOH  and  (3-phase  NiOOH,  respectively,  after  a  full 
charging  [5].  Although  a-Ni(OH)2  has  a  higher  theoretical  electro¬ 
chemical  capacity,  it  is  very  unstable  in  a  strong  alkaline  medium 
and  easily  transforms  to  p-phase  after  a  few  cycles.  Moreover,  a- 
Ni(OH)2  exhibits  a  lower  tap  density  (<1.7 gem-3),  which  greatly 
limits  its  practical  use.  The  higher  tap  density  can  enhance  the  addi¬ 
tion  amount  of  positive  material  and  promote  the  specific  energy 
density  of  Ni-MH  batteries  further.  Owing  to  its  high  tap  den¬ 
sity  (2.1 -2.2 gem-3)  and  excellent  electrochemical  performance, 
spherical  p-Ni(OH)2  has  been  widely  used  as  a  cathode  material 
in  commercial  Ni-MH  batteries  [6,7].  However,  the  preparation 
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procedures  for  spherical  particles  are  rather  complex  and  the  pre¬ 
cipitated  nickel  hydroxide  requires  aging  for  a  long  time  to  obtain 
the  desired  product,  which  result  in  the  high  production  cost. 
Besides,  the  effective  electrode  capacity  of  the  spherical  p-Ni(OH)2 
sample  still  has  room  to  improve  as  compared  with  the  theoretical 
value  (289  mAh g-1 ). 

It  is  well  established  that  the  physical  properties  of  nickel 
hydroxide,  such  as  its  morphology,  particle-size  distribution,  tap- 
density,  and  specific  surface  area,  chemical  composition,  are 
strongly  related  to  performance  of  the  positive  electrodes  for 
its  practical  application  in  Ni-MH  batteries  [8-10].  Given  the 
importance  of  nickel  hydroxide  to  the  battery  industry,  consid¬ 
erable  effort  has  been  devoted  to  improving  the  performance 
of  the  positive  electrodes,  including:  enhancing  the  stability  of 
the  a-phase  [11],  cationic  substitution  [7],  additives  [12],  surface 
modification  [2,13]  and  nanosized  materials  [5,14-16].  It  is  noticed 
that  extensive  researches  are  conducted  on  the  preparation  and 
electrochemical  performance  of  nano-Ni(OH)2  in  certain  applica¬ 
tions  [14-20].  The  discharge  capacity  of  nano-Ni(OH)2  electrodes 
prepared  by  ultrasonic  chemistry,  hard  template  method  and  other 
common  methods  can  reach  as  high  as  250-270  mAh  g-1.  How¬ 
ever,  nano-Ni(OH)2  can  hardly  meet  the  requirements  of  industrial 
mass  production  [21  ].  Especially,  the  nano-particles  always  exhibit 
a  lower  tap  density  (<1.0gcm-3)  [14],  which  will  result  in  a  low 
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Table  1 

The  chemical  compositions  and  physical  properties  of  Ni(OH)2  samples  A  (non-spherical)  and  B  (spherical). 


Sample 

Chemical  composition  (wt.%) 

BET  surface 

Mean 

Tap-density 

Ni 

Co 

Zn 

area(m2  g_1) 

diameter  (p-m) 

(gem-3) 

A  (non-spherical) 

57.68 

1.54 

3.13 

75.62 

27.20 

2.22 

B  (spherical) 

57.95 

1.51 

3.09 

10.15 

9.34 

2.20 

volumetric  specific  capacity,  thus  seriously  limiting  the  energy  den¬ 
sity  of  Ni-MH  batteries. 

Recently,  a  polyacrylamide  (PAM)  assisted  two-step  drying 
method  has  been  reported  as  a  simpler  method  to  synthesize  high 
density  non-spherical  Ni(OH)2  powders  [22].  The  procedures  for 
non-spherical  powders  are  much  simpler  than  those  for  spherical 
powders,  more  economical  with  no  hydroxide-forming  step,  and 
more  environmentally  friendly  with  no  ammonium  involved.  The 
Ni(OH)2  powders  prepared  by  the  new  method  has  demonstrated 
not  only  a  high  tap  density,  but  also  excellent  electrochemical  per¬ 
formance.  But  till  now,  non-spherical  Ni(OH)2  has  attracted  little 
attention  as  raw  material  for  the  positive  electrode  in  commercial 
batteries  because  non-spherical  powders  always  show  a  lower  tap- 
density  (1. 5-1.8 gem-3)  [8,23].  Most  studies  about  non-spherical 
Ni(OH)2  in  the  literature  mainly  focused  on  either  the  properties 
of  Ni(OH)2  electrodes  for  rechargeable  Cd-Ni  and  Ni-MH  batteries 
or  the  crystal  chemistry  of  Ni(OH)2  [24-27].  In  the  previous  work 
[22],  we  have  studied  the  effect  of  tap-density  on  the  electrochemi¬ 
cal  performance  of  non-spherical  Ni(OH)2  electrodes.  Nevertheless, 
it  is  necessary  to  compare  non-spherical  Ni(OH)2  with  commercial 
spherical  Ni(OH)2  product  and  improve  the  performance  of  non- 
spherical  Ni(OH)2  before  the  material  can  be  used  in  commercial 
cells.  Hence,  the  goal  of  this  work  is  to  further  investigate  the  struc¬ 
tural  and  electrochemical  performance  of  non-spherical,  Co  and 
Zn  doped  Ni(OH)2  prepared  by  the  polyacrylamide  (PAM)  assisted 
two-step  drying  method  in  comparison  with  spherical  commercial 
Ni(OH)2  product  with  a  focus  on  exploring  the  effect  of  microstruc¬ 
ture  and  surface  properties  of  |3-Ni(OH)2  with  a  high  tap  density  on 
their  electrochemical  performances. 

On  the  basis  of  our  previous  work  [22],  high  density,  non- 
spherical,  Co  and  Zn  doped  |3-Ni(OH)2  was  prepared  by  the 
polyacrylamide  (PAM)  assisted  two-step  drying  method.  This 
study  focuses  on  the  comparison  of  structural  and  electrochemical 
performance  between  as-prepared  non-spherical  |3-Ni(OH)2  and 
commercial  spherical  |3-Ni(OH)2  as  cathode  materials  for  Ni-MH 
batteries.  Effects  of  the  microstructure  and  surface  properties  of 
the  prepared  |3-Ni(OH)2  on  its  electrochemical  performance  are 
discussed  in  detail. 


2.  Experimental 

2. 1 .  Syn  thesis  of  Ni( OH )2  powders 

Synthesis  of  non-spherical  Ni(OH)2  powders  was  carried  out 
by  the  polyacrylamide  (PAM)  assisted  two-step  drying  method  as 
described  previously  [22].  Stoichiometric  amounts  of  NiS04-6H20, 
CoS04-7H20,  ZnS04-7H20  (molar  ratio  of  Ni:Co:Zn  is  100:2.5:5) 
were  dissolved  in  distilled  water  to  create  a  concentration  of 
1.7  mol  L-1.  The  aqueous  solution  was  precipitated  by  adding  a 
NaOH  solution  of  4molL-1  with  continuous  stirring  at  50  °C.  The 
co-precipitation  mixtures  were  stirred  continuously  after  the  reac¬ 
tion  ceased,  and  then  coagulated  by  adding  PAM  ( 1 0  ml  PAM  (0.6%) 
per  200  ml  solution),  filtrated  (under  a  pressure  of  20  MPa),  dried 
(at  1 20  °C  for  2  h),  ground,  washed,  and  dried  (at  1 20  °C  for  2  h)  to 
obtain  the  final  product. 


The  spherical  |3-Ni(OH)2  used  in  this  work  is  a  commercial  prod¬ 
uct  (Henan  Kelong  Co.,  Ltd.,  China)  co-precipitated  with  1.5  wt.%  Co 
and  3  wt.%  Zn. 

2.2.  Characterization  ofNi(OH)2 

The  crystalline  structure  characterization  of  Ni(OH)2  powders 
was  performed  on  the  X-ray  Diffractometer  (D8  X)  with  Cu  Ka 
as  irradiation,  utilizing  a  work  voltage  of  40  kV,  a  work  current 
of  40  mA,  a  scanning  speed  of  0.026°  s-1  and  a  step  time  of  3  s. 
The  scanning  range  was  between  15°  and  70°.  The  sample  mor¬ 
phologies  were  observed  using  an  SEM  (SEM-6701F,  JEOL,  Japan) 
with  a  work  voltage  of  1 5.00  kV,  and  the  Fourier  transform  infrared 
(FTIR)  spectra  of  prepared  samples  was  recorded  by  a  Fourier 
infrared  spectrometer  (FIRS;  Bio-Rad  FTS-40,  US)  using  the  KBr 
pellet  method.  Thermogravimetric/differential  thermal  analysis 
(TG/DTA)  was  carried  out  using  a  Shimadzu  DT-40  thermal  ana¬ 
lyzer  (Japan).  The  measurement  was  performed  in  an  air  flow 
using  a-Al203  as  the  reference  material.  To  determine  the  tap 
density  of  the  sample,  a  JZ-1  tap-density  tester  (Chendu  Powder 
Test  Equipment  Co.,  Ltd.,  China)  was  used.  The  measurement  error 
was  less  than  1%.  The  specific  surface  area  was  evaluated  by  the 
BET  nitrogen  adsorption  method  using  a  3H-2000  surface  area 
analyzer  (China).  The  particle  size  distribution  of  the  powder  sam¬ 
ples  was  obtained  using  an  OMEC  LS-POP(III)  particle  size  analyzer 
(China). 

2.3.  Preparation  of  nickel  electrodes  and  electrochemical 
measurements 

Porous  foamed  nickel  was  cut  into  2  cm  x  2  cm  to  use  as  sub¬ 
strate  material.  The  pasted  nickel  electrodes  were  prepared  as 
follows:  80 wt.%  nickel  hydroxide,  5  wt.%  CoO,  10 wt.%  Ni  pow¬ 
der  were  mixed  thoroughly  with  a  certain  amount  of  5  wt.%  PTFE 
solution  to  obtain  a  homogeneous  slurry  possessing  adequate  rhe¬ 
ological  properties.  The  slurry  was  poured  into  a  foam  nickel  sheet 
and  dried  at  80  °C  for  5h.  Subsequently,  the  pasted  electrodes 
were  pressed  at  20  MPa  for  3  min  to  assure  good  electrical  contact 
between  the  foam  nickel  and  the  active  material. 

Electrochemical  tests  were  performed  in  a  three-compartment 
electrolysis  cell  at  ambient  temperature.  Two  nickel  ribbon  counter 
electrodes  were  placed  in  the  side  chambers  and  the  working  elec¬ 
trode  was  positioned  in  the  center.  The  geometrical  surface  area  of 
the  nickel  electrode  was  0.25  cm2.  The  electrolyte  was  a  solution  of 
6 M  KOH  + 15 gL-1  LiOH.  A  Hg/HgO  reference  electrode  was  used 
via  a  luggin  capillary  with  the  same  alkaline  solution  used  in  the 
working  cell.  CV  and  EIS  were  conducted  on  a  Solartron  SI  1260 
impedance  analyzer  with  a  1 287  potentiostat  interface.  The  CV  test 
scan  rate  was  between  1  mV  s-1  and  8  mV  s-1  and  the  cell  poten¬ 
tial  ranged  from  0.0  V  to  0.8  V.  For  EIS,  the  impedance  spectra  were 
recorded  at  a  5  mV  perturbation  amplitude  with  a  sweep  frequency 
range  of  10  kHz- 1  mHz. 

Test  cells  were  assembled  using  the  prepared  nickel  hydrox¬ 
ide  electrode  as  the  cathode,  a  hydrogen  storage  alloy  electrode 
as  the  anode,  and  polypropylene  to  separate  the  cathode  and 
anode.  The  electrolyte  was  a  solution  of  6M  KOH  +  15gL-1  LiOH. 
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Fig.  1.  SEM  images  of  non-spherical  Ni(OH)2  (a,  c,  e)  and  spherical  Ni(OH)2  (b,  d,  f)  at  different  magnifications. 


Charge/discharge  measurements  were  conducted  using  a  Land 
CT2001A  battery  performance  testing  instrument  (Wuhan  Jinnuo 
Electronics  Co.,  Ltd.,  China).  For  activation,  five  charge  discharge 
cycles  at  0.1  C  were  performed,  and  the  batteries  were  discharged 
to  1.0  V.  The  batteries  were  then  charged  at  a  0.2  C  rate  for  6  h  and 
separately  discharged  at  respective  0.2, 1,  2,  and  5  C  discharge  cur¬ 
rent  rates.  The  cut-off  voltages  were  set  as  0.9  V.  In  the  subsequent 
charge/discharge  cycling  tests,  the  batteries  were  charged  at  a  1  C 
rate  for  1.2  h,  rested  for  10  min,  and  then  discharged  at  1  C  rate 
to  a  limited  voltage  of  1.0  V.  The  discharge  capacity  of  the  nickel 
hydroxide  in  the  positive  electrode  was  based  on  the  amount  of 
active  material  (Ni(OH)2)  without  taking  into  account  the  additives 
in  the  electrode. 


3.  Results  and  discussion 

3. 1 .  Characterization  ofNi(OH)2 
3.1  A.  Physical  properties 

Critical  physical  properties  of  nickel  hydroxide  powder,  includ¬ 
ing  tap  density,  particle  shape,  particle  size,  chemical  composition, 
strongly  affect  the  performance  of  the  positive  electrodes.  The 
chemical  compositions  and  physical  properties  of  Ni(OH)2  samples 
A  (non-spherical)  and  B  (spherical)  are  presented  in  Table  1. 

The  cobalt  and  the  zinc  contents  are  almost  the  same  in  both 
samples.  The  tap-densities  of  samples  A  and  B  are  as  high  as  2.22 
and  2.20 gem-3,  respectively.  It  is  worth  noting  that  in  order  to 


Table  2 

FWHM,  d-values  in  (00 1),  (1  00),  (1  0 1 )  diffraction  lines  of  Ni(OH)2  samples  A  (non-spherical)  and  B  (spherical). 


Sample 

(001) 

(100) 

(101) 

FWHMooi  (°) 

dooi  (nm) 

FWHM! oo  (°) 

dioo  (nm) 

FWHMt  oi  (°) 

dioi  (nm) 

A  (non-spherical) 

0.970 

0.46866 

0.638 

0.27059 

1.057 

0.23411 

B  (spherical) 

0.594 

0.46548 

0.379 

0.27045 

0.782 

0.23336 
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Fig.  2.  Schematic  illustration  of  the  synthesis  process  of  (a)  non-spherical  Ni(OH)2  and  (b)  spherical  Ni(OH)2. 


explore  the  effects  of  microstructure  and  surface  properties  of  p- 
Ni(OH)2  on  its  electrochemical  performances,  we  choose  the  non- 
spherical  sample  with  a  tap  density  as  high  as  the  spherical  one  to 
avoid  the  effect  of  tap  density,  which  is  not  just  a  particular  case. 
The  mean  diameters  of  samples  A  and  B  are  27.20  and  9.34  |jim, 
and  BET  surface  areas  are  75.62  and  10.15m2g_1,  respectively.  It 
is  noticed  that  although  both  samples  have  almost  the  same  high 
density,  the  specific  surface  area  of  non-spherical  powders  is  seven 
times  larger  than  that  of  the  spherical  samples,  which  should  be 
attributed  to  the  irregular  particle  shape  [8].  The  higher  specific 
surface  area  can  provide  a  high  density  of  active  sites  and  thereby 
promotes  intimate  interaction  between  the  active  material  and  the 
surrounding  electrolyte. 

3.1.2.  SEM 

Fig.  l(a-f)  displays  SEM  photographs  of  spherical  and  non- 
spherical  Ni(OH)2  materials  at  different  magnifications.  The 
powders  in  Fig.  la,  c  and  e  are  sample  A  (non-spherical  Ni(OH)2), 
and  the  powders  in  Fig.  lb,  d  and  f  are  sample  B  (spherical  Ni(OH)2). 
From  Fig.  1  a  and  c,  it  is  observed  that  sample  A  appears  to  be  aggre¬ 
gates  of  irregular  tabular  shapes,  similar  to  the  ball  milled  powders. 
The  irregular  shapes  may  result  from  grinding,  which  leads  to  a 
higher  specific  surface  area  and  more  structural  disorder,  as  shown 
in  Tables  1  and  2.  The  higher  magnification  (30,000 x)  presented 
in  Fig.  le,  shows  that  each  non-spherical  particle  contains  many 
overlapped  sheet  nano  crystalline  grains,  which  result  in  a  dense 
solid  structure.  So,  It  is  believed  that  the  high  tap-density  of  non- 
spherical  Ni(OH)2  is  attributable  to  the  dense  solid  structure. 


As  can  be  seen  in  Fig.  lb  and  d,  sample  B  is  composed  of  well- 
dispersed  homogeneous  spherical  particles.  Each  spherical  particle 
contains  a  large  amount  of  cuneiform  or  claviform  nano  particles  of 
50-100  nm  in  width  and  1 00-500  nm  in  length.  As  shown  in  Fig.  1  f, 
these  nano  crystallites  are  intercrossed  and  overlapped,  resulting 
in  a  radial  network  microstructure  with  a  large  number  of  pores 
[28].  When  the  powders  are  mixed  with  the  electrolyte  these  pores 
help  the  electrolyte  to  soak  into  the  interspaces  and  directly  contact 
the  crystalline  grains,  which  improves  the  electrochemical  perfor¬ 
mance  of  nickel  hydroxide.  Thus,  it  is  concluded  that  samples  A  and 
B  with  high  density  exhibit  different  microstructures  and  surface 
properties  due  to  different  production  processes,  which  may  result 
in  different  electrochemical  performances. 

Fig.  2  represents  a  schematic  diagram  for  the  production  of 
non-spherical  Ni(OH)2  using  the  PAM  assisted  two-step  drying 
method  and  spherical  Ni(OH)2  prepared  by  the  aforementioned 
“controlled  crystallization”  method.  Experiments  during  the  syn¬ 
thesis  of  the  non-spherical  Ni(OH)2  have  revealed  that  the  effect  of 
the  coagulating  agent  (PAM)  on  tap-density,  morphology,  and  sur¬ 
face  properties  of  the  non-spherical  Ni(OH)2  is  significant.  Addition 
of  an  appropriate  amount  of  PAM  into  the  Ni(OH)2  suspension  can 
greatly  accelerate  filtration  rate  and  reduce  the  moisture  content  in 
the  press  cake,  which  results  in  agglomerations  of  colloid  particles 
[22].  Coagulation  further  increases  the  structure’s  density,  as  the 
agglomerations  squeeze  out  water.  Due  to  this  dense  structure,  the 
Ni(OH)2  particles  are  prone  to  grow  and  crystallize  in  the  subse¬ 
quent  drying  process,  and  the  tap-density  of  the  Ni(OH)2  thereby 
remarkably  increases. 


4000  3500  3000  2500  2000  1500  1000  500 
Wavenumber  (cm1) 


Fig.  4.  IR  spectra  of  (a)  non-spherical  Ni(OH)2  and  (b)  spherical  Ni(OH)2. 
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Temperature/°C 

Fig.  5.  TG  and  DTA  curves  for  (a)  non-spherical  Ni(OH)2  and  (b)  spherical  Ni(OH)2. 

As  shown  in  Fig.  2b,  the  production  process  of  spherical  Ni(OH)2 
is  different  from  that  of  non-spherical  powders,  which  involves  a 
few  steps:  nucleation  to  form  tiny  particles,  growth  of  tiny  par¬ 
ticles  to  form  sheets  or  plates,  and  self-assembly  and  growth  to 
form  radial  network  structure  [28].  Although  the  spherical  shape 
can  result  in  high-density,  the  crystal  growth  process  for  spherical 
particles  requires  a  long  time,  the  quality  of  the  product  cannot  be 
guaranteed  easily  and  the  production  cost  is  high.  Consequently, 
the  procedures  for  non-spherical  Ni(OH)2  powders  are  much  sim¬ 
pler  and  more  economical  because  there  is  no  hydroxide-forming 
step,  and  are  more  environmentally  friendly  because  no  ammo¬ 
nium  is  involved. 

3.1.3.  XRD 

The  XRD  patterns  of  Ni(OH)2  samples  A  (non-spherical)  and  B 
(spherical)  are  presented  in  Fig.  3.  The  XRD  patterns  show  that  these 
two  samples  exhibit  the  |3-Ni(OH)2  phase  characteristics  with  a 
brucite-type  structure  and  a  hexagonal  unit,  compared  with  the 
standard  (JCPDS  card  No.  14-0117).  No  characteristic  peaks  corre- 


Squre  root  of  scan  rate/(mVs'')12 


Table  3 

Results  of  weight  loss  measurements  for  Ni(OH)2  samples  A  (non-spherical)  and  B 
(spherical). 


Weight  loss 
region  (°C) 

Reason  of 
weight  loss 

Sample 

A 

(non-spherical) 

B 

(spherical) 

20-200 

Dehydration 

1.22% 

0.96% 

200-350 

Dehydroxylation 

17.15% 

17.28% 

350-600 

Removal  of 
intercalated  anions 

0.53% 

0.29% 

Fig.  6.  Cyclic  voltammograms  of  (a)  non-spherical  Ni(OH)2  and  (b)  spherical 
Ni(OH)2  at  various  scan  rates,  (c)  Linear  relationship  between  the  cathodic  peak  cur¬ 
rent  (Ip)  and  square  root  of  scan  rate  for  (a)  non-spherical  Ni(OH)2  and  (b)  spherical 
Ni(OH)2. 

sponding  to  other  phases  are  observed,  but  the  width  of  the  peaks  is 
different.  The  broadening  of  some  diffraction  peaks  [e.g.  (001)  and 
(h  k  0)]  in  |3-Ni(OH)2  XRD  patterns  is  directly  related  to  the  crystal¬ 
lite  size  [29].  The  crystallite  size  perpendicular  to  various  diffraction 
planes  can  be  estimated  from  the  XRD  lines  using  the  Scherrer  for¬ 
mula  [30,3 1  ].  The  FWFUVIs  and  the  d-values  of  the  respective  sample 
in  the  (0  0 1 ),  (1  0  0),  and  (101)  diffraction  lines  are  listed  in  Table  2. 
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Fig.  7.  Nyquist  plots  of  (a)  non-spherical  Ni(OH)2  and  (b)  spherical  Ni(OH)2. 


As  presented  in  Table  2,  the  FWHMs  of  the  (001)  and  (100)  diffrac¬ 
tion  lines  of  sample  A  are  larger  than  those  of  sample  B,  indicating 
that  the  crystallite  size  of  sample  A  is  smaller  than  that  of  sam¬ 
ple  B.  However,  this  result  is  not  in  accordance  with  the  particle 
size  results  shown  in  Table  1,  which  may  result  from  the  different 
particle  shapes. 

It  should  be  noticed  that  abnormal  broadening  of  the  (10/) 
reflection  lines  (/  0)  cannot  be  attributed  to  the  crystallite  size 

alone.  Structural  disorder  plays  an  important  role  in  this  broaden¬ 
ing  [32,33].  Structural  disorder  in  Ni(OH)2  can  provide  an  easier 
path  for  the  diffusion  of  protons  within  the  NiO  layers  and  can  help 
lower  the  free  energy  by  increasing  the  entropy,  which  can  in  turn 
increase  the  electrochemical  reaction  rate  [10,12].  Previous  reports 
have  indicated  that  the  peak  (101)  was  especially  broad  when  the 
nickel  hydroxide  was  more  active  [34,35].  It  is  obvious  that  sample 
A  shows  a  broader  FWHM  of  the  (101)  diffraction  line  of  1.057, 
whereas  the  value  for  spherical  sample  B  is  0.782,  indicating  that 
non-spherical  powders  possess  a  higher  density  of  structural  disor¬ 
der  and  a  better  electrochemical  activity  in  spite  of  its  larger  particle 
size. 

3  A  A.  IR  spectra 

Fig.  4  presents  the  infrared  spectra  of  the  as-prepared  samples 
A  (non-spherical)  and  B  (spherical).  Both  IR  spectra  show  similar 
characteristics.  The  strong,  sharp  band  centered  at  3640  cm-1  cor¬ 
responds  to  the  u0-h  vibration,  which  is  typical  for  p-Ni(OH)2  [36]. 
The  broad  band  at  3300  cm-1  is  characteristic  of  the  stretching 
vibration  of  the  hydroxyl  group  extensively  hydrogen  bonded  to 
water  molecules  and  the  band  at  1650  cm-1  corresponds  to  the 
bending  vibration  of  water  molecules  [37].  The  couple  bands  at 
about  1470  cm-1  and  1380  cm-1  in  both  IR  spectra  can  be  assigned 
to  uc=0  vibration  of  the  adsorbed  C02  molecules  due  to  the  open 
system  used  for  synthesis  [38].  The  band  at  about  1125  cm-1  cor¬ 
responds  to  the  vibration  of  S042-  [39].  At  low  wave  numbers, 
the  bands  at  460  cm-1  and  520  cm-1  are  assigned  to  the  bending 
vibration  of  uNi_0  and  stretching  vibration  of  vN[_0H,  respectively 
[40].  Notably,  for  sample  A,  the  typical  IR  spectra  characteristic  of 
PAM  are  not  found,  indicating  that  PAM  have  been  removed  in  the 


Fig.  8.  Schematic  drawing  of  proton/electron  diffusion  in  (a)  non-spherical  Ni(OH)2 
and  (b)  spherical  Ni(OH)2. 


washing  and  drying  process  and  do  not  affect  the  qualities  of  the 
products. 

3.1.5.  TG-DTA 

The  TG  and  DTA  curves  for  Ni(OH)2  samples  A  (non-spherical) 
and  B  (spherical)  are  shown  in  Fig.  5  with  detailed  data  listed  in 
Table  3.  Both  samples  A  and  B  show  three  weight  loss  regions. 
The  first  region  is  below  200  °C,  where  the  adsorbed  water  is 
removed.  The  second  is  between  200  °C  and  350  °C,  where  the  sam¬ 
ple  decomposes  to  NiO.  The  practical  weight  loss  corresponding  to 
this  reaction,  which  can  be  estimated  from  the  second  weight  loss 
step  on  the  TG  curves,  is  17.15%  and  17.29%  for  samples  A  and  B, 
respectively.  The  third  is  between  350  °C  and  600  °C,  where  the 


Table  4 

Parameters  from  CV  and  EIS  measurements  for  non-spherical  and  spherical  particles  of  Ni(OH)2  paste  electrode. 


Sample 

Fa  (mV) 

Ec  (mV) 

AEa,c  (mV) 

Foer  (mV) 

Foer  -  Fa  (mV) 

Foer  -Fc  (mV) 

Rc  (£2 cm2) 

W(£2cm2) 

CPE  (Fern2) 

A  (non-spherical) 

266 

465 

199 

622 

356 

157 

0.1428 

0.4237 

0.002767 

B  (spherical) 

252 

501 

249 

641 

389 

140 

0.3938 

0.6993 

0.002248 
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Fig.  9.  Discharge  curves  of  the  electrodes  prepared  with  (a)  non-spherical  Ni(OH)2 
and  (b)  spherical  Ni(OH)2  at  different  current  rates. 


intercalated  anions  are  removed.  The  weight  loss  due  to  intercala¬ 
tion  of  anions  was  observed  to  be  0.53%  for  sample  A,  and  0.29%  for 
sample  B. 

In  Fig.  5,  it  can  be  seen  that  the  temperatures  corresponding 
to  the  decomposition  reaction  peaks  on  the  DTA  curves  gradually 
decline,  with  readings  of  267.76  and  259.97  °C  for  samples  A  and 
B,  respectively.  This  indicates  that  the  synthesized  non-spherical 
Ni(OH)2  powders  are  thermally  more  stable  than  spherical  pow¬ 
ders,  as  reflected  in  the  lower  decomposition  reaction  rate  and 
higher  decomposition  temperature.  Non-spherical  Ni(OH)2  pow¬ 
ders  have  a  higher  thermal  stability  than  spherical  powders  due  to 
the  dense  solid  structure  and  large  particle  size,  although  they  have 
the  same  tap-density. 

3.2.  Electrochemical  investigation  offi-Ni(OH)2 
3.2 A.  Cyclic  voltammetry 

Fig.  6  illustrates  typical  CV  curves  for  samples  A  (non-spherical) 
and  B  (spherical)  at  various  scan  rates  and  25  °C.  Obviously,  for 
both  nickel  electrodes,  one  anodic  nickel  hydroxide  oxidation  peak 
and  one  cathodic  oxyhydroxide  reduction  peak  are  observable  on 
the  CV  curves.  To  compare  the  CV  characteristics  of  non-spherical 
and  spherical  particles,  the  results  of  CV  measurements  at  a  scan 
rate  of  1  mV  s-1  are  tabulated  in  Table  4.  The  potential  difference 
(AEa,c)  between  the  anodic  (Ea)  and  cathodic  (Ec)  peak  potentials 
is  taken  as  an  estimate  of  reversibility  of  the  redox  reaction:  the 
higher  the  reversibility,  the  smaller  AEa,c  is  [41,42].  The  A Ea>c  of 


Fig.  10.  Cyclic  performance  of  the  electrodes  prepared  with  (a)  non-spherical 
Ni(OH)2  and  (b)  spherical  Ni(OH)2  at  a  1  C  charge/discharge  rate. 

non-spherical  Ni(OH)2  is  much  smaller  than  that  of  spherical  one, 
indicating  better  reversibility  of  the  electrochemical  redox  reaction 
in  the  non-spherical  particles,  thus  more  active  material  can  be  uti¬ 
lized  during  the  charge/discharge  process,  which  is  proven  by  the 
charge/discharge  results  shown  in  Fig.  9.  The  charge  process  of  the 
Ni(OH)2  electrode  usually  occurs  in  competition  with  an  oxygen 
evolution  reaction  (OER),  which  limits  the  electrochemical  perfor¬ 
mance  of  the  nickel  hydroxide  electrodes.  As  shown  in  Table  4,  the 
potential  difference  between  the  oxygen  evolution  potential  and 
the  oxidation  potential  (Eoer  -  Ec)  for  the  non-spherical  sample  is 
larger  than  that  for  spherical  one.  The  large  value  allows  the  non- 
spherical  sample  to  be  charged  fully  before  oxygen  evolution,  which 
can  efficiently  restrain  the  oxygen  evolution  reaction  and  improve 
the  charge  efficiency  [42,43]. 

As  is  known,  the  electrochemical  reaction  process  of  a  nickel 
hydroxide  electrode  is  limited  by  the  proton  diffusion  through  the 
lattice  [5,44].  Therefore,  it  is  of  great  importance  to  study  the  nickel 
electrode’s  proton  diffusion  coefficient.  The  proton  diffusion  coeffi¬ 
cient  of  the  Ni(OH)2  electrode  was  estimated  based  on  the  CV  tests. 
Fig.  6c  shows  the  relationship  between  the  cathodic  peak  current 
(ip)  and  the  square  root  of  the  scan  rate  (u1/2)  for  both  nickel  elec¬ 
trodes.  The  good  linear  relationship  between  ip  and  v1/2  suggests 
that  the  oxidation  of  nickel  hydroxide  is  diffusion  limited.  In  case 
of  semi-infinite  diffusion,  the  peak  current  i  may  be  expressed  by 
the  Randles-Sevcik  equation.  At  25  °C,  the  peak  current,  ip,  in  the 
cyclic  voltammogram  can  be  expressed  as 

ip  =  2.69  x  105  x  n3/2  x  A  x  D1/2  x  C0  x  v1/2  (1) 

where  n  is  the  electron  number  of  the  reaction  («1  for  |3-Ni(OH)2), 
A  is  the  geometrical  surface  area  of  the  electrode  in  cm2,  D  is  the 
diffusion  coefficient  of  FT  in  cm2  s-1 ,  v  is  the  scanning  rate  in  V  s-1 , 
and  C0  is  the  initial  concentration  of  the  reactant  in  mol  cm-3.  For 
an  Ni(OH)2  electrode, 


where  p  and  M  are,  respectively,  the  density  and  the  molar  mass 
(92.7  g  mol-1 )  of  Ni(OH)2.  Using  this  equation  and  the  slope  of  the 
fitted  line  in  Fig.  6c,  the  proton  diffusion  coefficient  for  sample  A  is 
calculated  to  be  4.26  x  1 0-9  cm2  s-1 ,  which  is  larger  than  for  sample 
B  (3.13  x  10-9  cm2  s-1). 

3.2.2.  Electrochemical  impedance  spectroscopy  (EIS) 

Fig.  7  presents  the  electrochemical  impedance  spectra  for  elec¬ 
trodes  A  and  B  at  a  steady  state.  It  can  be  seen  that  the  Nyquist 
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plots  of  both  electrodes  display  a  semicircle  resulting  from  charge 
transfer  resistance  in  the  high-frequency  region,  and  a  slope  related 
to  Warburg  impedance  in  the  low-frequency  region  [45,46].  In 
general,  the  slope  in  the  low-frequency  region  is  regarded  as  the 
Warburg  slope,  an  empirical  parameter  related  qualitatively  rather 
than  quantitatively  to  the  diffusion  resistance  [45].  A  high  slope 
signifies  a  slow  rate  of  diffusion,  and  a  low  slope  a  rapid  rate  of 
diffusion.  The  characteristics  of  the  electrochemical  system  can  be 
represented  by  the  electrical  equivalent  circuit  shown  in  the  inset 
of  Fig.  7,  where  Rs  is  the  total  resistance  of  the  solution,  CPE  is  the 
constant  phase  element  related  to  the  double  layer  capacity,  Rc  is 
the  charge-transfer  resistance  of  the  electrode,  and  W  is  the  gener¬ 
alized  finite  Warburg  impedance  ( Zw )  of  the  solid  phase  diffusion 
[5].  The  simulated  values  of  the  elements  based  on  the  equivalent 
circuit  are  listed  in  Table  4,  where  it  can  be  seen  that  the  Rc  and  W 
values  of  electrode  A  ( Fig.  7a)  are  markedly  lower  than  those  of  elec¬ 
trode  B  (Fig.  7b),  which  implies  that  the  electrochemical  reaction  on 
electrode  A  proceeds  more  easily  than  on  electrode  B.  Nevertheless, 
the  CPE  values  of  non-spherical  particles  are  higher  than  spheri¬ 
cal  particles,  which  may  be  due  to  the  fact  that  the  as-prepared 
non-spherical  Ni(OH)2  has  a  larger  effective  active  surface  area  for 
the  electrochemical  reactions.  Thus,  it  proves  that  non-spherical 
particles  have  a  lower  resistance  to  charge-transfer  and  are  more 
efficient  for  proton  diffusion  compared  with  spherical  particles  dur¬ 
ing  the  electrochemical  reactions,  and  agrees  with  the  results  from 
CV  measurements. 

The  high  proton  diffusion  coefficient  and  low  charge  trans¬ 
fer  resistance  of  non-spherical  Ni(OFI)2  is  attributable  to  its  high 
structural  disorder  density,  high  specific  surface  area  and  com¬ 
pact  structure.  First,  the  high  density  of  structural  disorder  for 
nickel  hydroxide  powder  facilitates  the  solid-state  proton  dif¬ 
fusion  in  the  Ni(OFI)2  lattice  and  helps  diminish  concentration 
polarization  of  the  protons  during  the  charge/discharge  process, 
leading  to  a  better  charge/discharge  cycling  behavior  [47].  Second, 
large  specific  surface  area  of  non-spherical  Ni(OH)2  can  provide 
a  good  interconnectivity  network  between  the  Ni(OH)2  particles, 
and  more  chances  for  the  particles  to  contact  the  electrolyte  solu¬ 
tion,  therefore,  proton  diffusion  is  enhanced,  which  will  in  turn 
accelerate  the  electrode  reaction.  Last  but  not  least,  the  high  pro¬ 
ton  diffusion  coefficient  of  non-spherical  Ni(OH)2  may  be  related  to 
the  different  proton/electron  diffusion  routes  in  comparison  with 
spherical  Ni(OH)2  particles.  A  schematic  drawing  to  illustrate  the 
proton/electron  diffusion  routes  in  (a)  non-spherical  Ni(OFI)2  and 
(b)  spherical  Ni(OH)2  [48]  is  presented  in  Fig.  8. 

For  spherical  Ni(OH)2,  Gille  et  al.  [48]  reported  that  during  the 
charge/discharge  process,  although  the  diffusion  route  is  geometri¬ 
cally  not  the  shortest  way,  the  proton/electron  pairs  tend  to  travel 
along  the  grain  boundaries,  surfaces  or  other  areas  of  high  atomic  or 
lattice  disorder  due  to  dislocations  or  stacking  faults  in  the  active 
material  of  Ni(OFI)2/NiOOFI,  where  the  diffusion  velocity  of  pro¬ 
tons  is  assumed  to  be  higher  than  that  in  the  perfect  lattice.  For 
non-spherical  Ni(OH)2,  we  believe  that  the  proton  diffusion  route 
is  geometrically  shorter  because  of  the  irregular  particle  shape  and 
the  dense  solid  structure,  and  the  proton  diffusion  velocity  is  larger 
due  to  the  high  density  of  structural  disorder  in  the  active  mate¬ 
rial  of  Ni(OH)2/NiOOFI,  which  results  in  a  high  proton  diffusion 
coefficient. 

3.2.3.  Charge/discharge  tests 

Fig.  9  shows  the  discharge  curves  of  nickel  electrodes  A  (non- 
spherical)  and  B  (spherical)  at  rates  of  0.2, 1 , 2,  and  5  C,  respectively. 
Obviously,  sample  A  exhibits  a  larger  discharge  capacity  and  higher 
discharge  potential  plateau  than  sample  B  at  the  same  discharge 
rate  (0.2  C,  1  C,  2  C  and  5  C).  For  example,  at  a  rate  of  0.2  C,  the  dis¬ 
charge  capacity  of  sample  A  is  276.1  mAhg-1  in  comparison  with 
259.3  mAh  g-1  for  sample  B.  As  the  discharge  rate  increases  from 


0.2  to  5  C,  the  discharge  capacity  of  sample  A  decreases  from  276.1 
to  1 96.8  mAh  g-1 ,  showing  that  at  such  a  high  discharge  rate  71  %  of 
capacity  is  retained.  Further,  at  a  5  C  rate,  the  discharge  capacity  of 
sample  A  is  196.8  mAh  g-1,  whereas  the  value  for  sample  B  is  only 
174.6  mAh  g-1,  indicating  that  the  high-rate  performance  of  non- 
spherical  Ni(OH)2  is  much  better  than  that  of  spherical  Ni(OH)2. 

The  cyclic  performance  of  nickel  electrodes  A  (non-spherical) 
and  B  (spherical)  at  a  1  C  rate  is  illustrated  in  Fig.  10.  During  the 
process  of  the  charge/discharge  cycles,  electrode  A  shows  a  higher 
specific  capacity  and  better  cycling  stability.  During  the  cycling,  the 
specific  discharge  capacity  of  electrode  A  increases,  which  reaches 
a  maximum  value  after  152  cycles  and  then  slowly  decreases, 
whereas  the  specific  discharge  capacity  of  electrode  B  remains 
constant  up  to  the  maximum  tested  cycle  (300th  cycle).  Espe¬ 
cially,  there  is  a  higher  capacity  (11.5%  more  than  corresponding 
spherical-Ni(OH)2)  for  non-spherical  particles  in  all  cycles. 

In  summary,  the  overall  electrochemical  performance  of  the 
non-spherical,  Co  and  Zn  doped  Ni(OH)2  prepared  by  the  new 
method  is  obviously  superior  to  the  commercial  spherical  Ni(OH)2. 
This  electrochemical  performance  improvement  is  attributable  to 
the  compact  solid  microstructure,  high  structural  disorder  den¬ 
sity,  large  specific  surface  area  of  the  non-spherical  Ni(OH)2,  thus 
resulting  in  a  better  reaction  reversibility,  higher  proton  diffusion 
coefficient,  and  lower  electrochemical  impedance  of  the  material, 
as  indicated  by  CV  and  EIS. 

4.  Conclusions 

This  paper  describes  the  effect  of  the  microstructure  and  sur¬ 
face  properties  of  Ni(OFI)2  on  its  electrochemical  performance. 
Non-spherical,  Co  and  Zn  doped  Ni(OFI)2  with  a  high  tap-density 
was  synthesized  by  the  PAM  assisted  two-step  drying  method. 
Compared  with  commercial  spherical  Ni(OH)2,  the  as-prepared 
Ni(OH)2  particles  exhibit  an  irregular  tabular  shape  and  a  dense 
solid  microstructure,  which  contains  many  overlapped  sheet  nano 
crystalline  grains,  and  have  a  high  density  of  structural  disorder 
and  a  large  specific  surface  area.  The  as-prepared  non-spherical 
samples  exhibit  excellent  electrochemical  performance,  which  is 
markedly  superior  to  the  spherical  p-Ni(OH)2,  such  as  better  reac¬ 
tion  reversibility,  higher  proton  diffusion  coefficient,  lower  charge 
transfer  resistance,  higher  specific  capacity,  and  better  cyclic  sta¬ 
bility.  The  measured  value  of  the  proton  diffusion  coefficient  for 
the  non-spherical  p-Ni(OH)2  is  4.26  x  10-9cm2s-1,  and  the  dis¬ 
charge  capacity  of  the  sample  reaches  276  mAh  g-1  at  0.2  C  and 
about  196  mAh  g-1  at  5C.  Therefore,  it  is  believed  that  the  non- 
spherical  p-Ni(OH)2  synthesized  by  the  new  method  is  a  promising 
positive  electrode  active  material  for  Ni-MH  batteries. 
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